Periodontitis is a highly prevalent, biofilm-mediated chronic inflammatory disease that results in the loss of the tooth-supporting tissues. It features two major clinical entities: chronic periodontitis, which is more common, and aggressive periodontitis, which usually has an early onset and a rapid progression. Natural killer (NK) cells are a distinct subgroup of lymphocytes that play a major role in the ability of the innate immune system to steer immune responses. NK cells are abundant in periodontitis lesions, and NK cell activation has been causally linked to periodontal tissue destruction. However, the exact mechanisms of their activation and their role in the pathophysiology of periodontitis are elusive. Here, we show that the predominant NK cellactivating molecule in periodontitis is CD2-like receptor activating cytotoxic cells (CRACC). We show that CRACC induction was significantly more pronounced in aggressive than chronic periodontitis and correlated positively with periodontal disease severity, subgingival levels of specific periodontal pathogens, and NK cell activation in vivo. We delineate how Aggregatibacter actinomycetemcomitans, an oral pathogen that is causally associated with aggressive periodontitis, indirectly induces CRACC on NK cells via activation of dendritic cells and subsequent interleukin 12 (IL-12) signaling. In contrast, we demonstrate that fimbriae from Porphyromonas gingivalis, a principal pathogen in chronic periodontitis, actively attenuate CRACC induction on NK cells. Our data suggest an involvement of CRACC-mediated NK cell activation in periodontal tissue destruction and point to a plausible distinction in the pathobiology of aggressive and chronic periodontitis that may help explain the accelerated tissue destruction in aggressive periodontitis.
P
eriodontitis is a highly prevalent, biofilm-mediated chronic inflammatory disease that results in destruction of the toothsupporting structures, ultimately resulting in tooth loss. Epidemiologic studies suggest that up to 60% of the population is affected by the common form of the disease, termed chronic periodontitis, while 5 to 15% may suffer from aggressive periodontitis, a clinically challenging entity characterized by an early onset and rapid disease progression (1) . Although more than 700 different bacterial species have been shown to inhabit periodontal biofilms (2) , a limited number of species are currently considered to be causally associated with periodontitis. These include Gram-negative species, including the anaerobic Porphyromonas gingivalis, a principal pathogen in chronic periodontitis, and the facultative Aggregatibacter actinomycetemcomitans, causally linked to aggressive periodontitis (3, 4) .
From a pathophysiology perspective, both forms of periodontitis are the result of host-mediated inflammatory damage of the supporting tissues triggered in response to the microbial infection (5, 6) . However, the mechanisms accounting for the difference in the course of tissue damage between chronic and aggressive periodontitis are poorly understood, and lesions cannot be distinguished by histological means (7, 8) .
Here, we focused on the role of NK cells, a distinct cytotoxic lineage of lymphocytes, in the pathobiology of periodontitis. NK cells are considered to be a major component of the innate immune system and exert regulatory effects by secreting cytokines, primarily gamma interferon (IFN-␥) (9) . NK cell activity is mediated by several activating or inhibitory receptors, among which the self-associating CD2-like receptor activating cytotoxic cells (CRACC/CD319/CS1/SLAMF7), which is found on NK cells, activated CD8 T cells and B cells (10, 11) .
Infiltration by NK cells has been shown in inflamed gingival tissues (12) (13) (14) , and limited data suggest that NK cells are activated in chronic periodontitis lesions (14) . IFN-␥ production by NK cells was shown to be triggered by coculture with dendritic cells (DCs) stimulated with P. gingivalis (15) or A. actinomycetemcomitans (16) . A recent study reported that the periodontal pathogen Fusobacterium nucleatum is directly recognized by the NK cell-activating receptor NKp46 and that NK cell activation is associated with periodontal bone loss in vivo (17) . However, the mechanisms underlying the activation of NK cells in human periodontal tissues are not fully understood.
In this study, we first examined the expression of NK cell activation molecules in the gingival tissues of a well-phenotyped cohort of patients with chronic or aggressive periodontitis and showed that the predominant NK cell-activating molecule is CRACC. Importantly, CRACC was found to be significantly overexpressed in pathological gingival tissues in aggressive periodontitis compared to tissues from chronic periodontitis lesions.
Therefore, we subsequently examined in vitro mechanisms of CRACC activation in response to bacterial challenge by A. actinomycetemcomitans or P. gingivalis.
We demonstrate that CRACC induction on NK cells is mediated by DC activation and IL-12 signaling in response to infection of DCs with A. actinomycetemcomitans and, to a much lesser extent, with P. gingivalis. Finally, we show that the fimbriae of P. gingivalis contribute to active immune modulation resulting in attenuated induction of CRACC on NK cells.
MATERIALS AND METHODS
Transcriptomic analyses of periodontitis. Whole-genome gene expression profiles were generated using Affymetrix HG-U133plus 2.0 gene arrays from 310 gingival tissue samples (69 clinically healthy and 241 diseased) from 120 nonsmoking patients (55 with aggressive and 65 with chronic periodontitis) phenotyped with respect to demographic information, clinical periodontal status, and levels of subgingival bacteria with respect to 11 species, as described previously (18, 19) (Columbia University Medical Center IRB approval number AAAB0896; GEO [Gene Expression Omnibus at the NCBI] accession number GSE16134). Data were analyzed using R/Bioconductor (limma and SPIA packages) and SAS (for population-specific expression analysis [PSEA] [20] ). Mixed-effects linear regression models were used to study differential expression of mRNA in diseased versus healthy tissue. These statistical models contain both fixed and random effects. Specifically, patients were conditioned as random effect in these models to account for the within-patient correlation in gene expression, as previously described (18) .
Cell culture. Primary human peripheral blood mononuclear cells (PBMCs) were isolated from blood samples donated by healthy, nonsmoking volunteers using gradient centrifugation, as described previously (21) . NK cells were isolated from PBMCs by positive sorting using a commercial magnetic bead system (Miltenyi Biotech, Bergisch Gladbach, Germany). The purity of isolated NK cells was routinely assessed by flow cytometry, and preparations with Ͼ90% purity were used for experiments (see Fig. S2 in the supplemental material). Primary human dendritic cells were generated from bead-isolated monocytes by culture in RPMI medium supplemented with interleukin 4 (IL-4) and granulocytemacrophage colony-stimulating factor (GM-CSF) by following current protocols (22) .
Bacteria. Aggregatibacter actinomycetemcomitans strain Y4 (23) was cultured on blood agar plates at 37°C and 5% CO 2 . Porphyromonas gingivalis strain FDC381 (referred to hereafter as 381) (24) was cultured under anaerobic conditions on blood agar plates. The major flagellum-deficient mutant DPG3, generated by insertional inactivation of the fimA gene in P. gingivalis 381 (25) , was cultivated anaerobically on blood agar plates supplemented with erythromycin. Bacterial suspensions in RPMI medium without antibiotics were adjusted to 10 9 CFU/ml using a spectrophotometer at 600 nm and established growth curves.
Assessment of protein expression by flow cytometry. For fluorescence-activated cell sorting (FACS), we used anti-CD3 and anti-CD56 (BD Biosciences, Heidelberg, Germany) and anti-CRACC and anti-2B4 (R&D Systems, Wiesbaden, Germany). Samples were analyzed on a FACS Canto II (BD Biosciences) using the BD Diva and FlowJo 7.5.5 (Treestar, Ashland, OR) software packages.
Statistical analyses. All analyses not involving microarray data were performed using Graphpad Prism V (Graphpad, San Diego, CA). All data are presented as means Ϯ standard deviations or as whisker plots (minimum to maximum). A P value of Ͻ0.05 was considered significant.
RESULTS
CRACC is the predominant NK cell activator in human periodontitis. First, we evaluated the expression of NK cell-related genes in human periodontitis lesions (n ϭ 241, from 120 patients each contributing Ն2 diseased tissue samples, with a mean probing pocket depth [PPD] of 6.58 Ϯ 1.91 mm; range, 4 to 11 mm) compared to clinically healthy gingivae (n ϭ 69, each patient contributing a healthy tissue sample, when available; PPD, 2.29 Ϯ 0.52 mm; range, 1 to 4 mm) (18, 19) . As summarized in Table 1 , the predominant NK cell-activating gene with increased expression in periodontitis lesions versus health was the CRACC gene (3.18-fold; false discovery rate [FDR] ϭ 5.24 ϫ 10 Ϫ30 ); high correlation of array data and quantitiative PCR (qPCR) findings for this gene (Spearman's r ϭ Ϫ0.81; P ϭ 0.005) was shown previously (26) .
Since periodontal lesions are generally characterized by increased infiltration of various types of mononuclear cells known to express CRACC, we further explored whether the high CRACC expression in the periodontitis lesions was due solely to increased numbers of infiltrating cells rather than increased CRACC transcription. To this end, we corrected mathematically for the net change in cell numbers using well-established markers for different cell populations. Indeed, when generating NK cell-specific expression profiles by correcting for increased numbers of NK cells (using PSEA [20] and NKp46 expression as an NK cell marker) in diseased periodontal lesions, we still observed significant increases (2.83-fold; FDR [27] Ͻ 0.05) in CRACC expression in periodontally diseased versus clinically healthy gingival tissues.
CRACC expression is increased in aggressive periodontitis. A comparison of clinically diseased gingival tissue samples from subjects diagnosed with either chronic or aggressive periodontitis revealed that CRACC expression is elevated approximately 60% (Table 2 ) (P ϭ 2.7 ϫ 10 Ϫ5 ) in aggressive periodontitis lesions. In addition, signaling pathway impact analysis of diseased tissues from aggressive versus chronic periodontitis revealed a significant induction of NK cell-mediated cytotoxicity in aggressive periodontitis lesions (FDR [27] Ͻ 0.05).
CRACC expression correlates with disease severity. CRACC mRNA expression correlated positively with clinical (Table 2 ) and microbiological (Table 3) measures of periodontitis severity, such as PPD ( Fig. 1 ) and subgingival levels of established periodontal pathogens. On the other hand, CRACC expression did not correlate with measures indicating past exposure to periodontitis, such as clinical attachment loss (CAL), or with subgingival levels of health-associated bacteria.
Collectively, these data suggest that CRACC expression is strongly associated with infection by specific etiologic periodontal pathogens, the severity of the periodontitis lesion, and the form of periodontitis signifying accelerated loss of periodontal tissue support (aggressive periodontitis).
CRACC expression correlates with markers of NK cell activation in vivo. In both whole gingival tissue transcriptomes and NK cell-specific expression profiles generated from whole tissue data using PSEA algorithms (20) , CRACC expression correlated positively with markers of NK cell activation, such as CD69 (in whole tissue data set, r ϭ 0.16 and P ϭ 0.005; in NK cell-specific data set, r ϭ 0.16 and P ϭ 0.003) and CD38 (in whole tissue data set, r ϭ 0.79 and P Ͻ 0.0001; in NK cell-specific data set, r ϭ 0.80 and P Ͻ 0.0001).
Taken together, these findings indicate a role for CRACC in NK cell activation that is eventually linked to increased severity of periodontal destruction and to the rapid progression of disease in the entity of aggressive periodontitis. Therefore, we next proceeded to further characterize the determinants and effects of CRACC induction and NK cell activation in periodontal infections in vitro.
CRACC is induced on NK cells after infection with periodontal pathogens in PBMC culture in vitro. First, we assessed whether infection of primary human peripheral blood mononuclear cells (PBMCs) with Aggregatibacter actinomycetemcomitans, a pathogen causally related to aggressive periodontitis, or Porphyromonas gingivalis, a principal pathogen in chronic periodontitis, would lead to increased expression of CRACC protein on NK cells.
Indeed, CRACC expression on NK cells was induced by both A. actinomycetemcomitans and P. gingivalis infections in a dose-dependent manner (Fig. 2) . The induction observed was significantly stronger in cells challenged with A. actinomycetemcomitans than in cells infected with P. gingivalis.
Lack of direct recognition and CRACC induction of A. actinomycetemcomitans or P. gingivalis by NK cells. Incubation of isolated NK cells of sufficient purity (see Fig. S1 in the supplemental material) with A. actinomycetemcomitans or P. gingivalis (Fig. 3) , or with Toll-like receptor 2 (TLR2) and TLR4 ligands (see Fig. S2 in the supplemental material) had no effect on CRACC expression and did not lead to activation of the NK cells (data not shown). These data suggest that CRACC induction on NK cells is not mediated by direct recognition of the periodontal pathogens.
DC-mediated CRACC induction on NK cells. Based on the finding that infection of isolated primary human NK cells with periodontal bacteria (Fig. 3) or ligation of TLR2 or TLR4 (see Fig.  S1 in the supplemental material) did not result in CRACC induction, while infection of isolated PBMCs triggered CRACC on NK cells, we hypothesized that CRACC induction was likely mediated by indirect signaling via antigen-presenting cells, i.e., dendritic cells (DCs). We therefore tested whether infection of primary human monocyte-derived DCs with either A. actinomycetemcomitans or P. gingivalis and subsequent incubation of the washed DCs with primary NK cells was sufficient to induce CRACC protein expression on the surface of NK cells. Indeed, direct interaction of preinfected DCs with periodontal pathogens with NK cells resulted in significant induction of CRACC on NK cells (Fig. 4A) . This interaction showed a clear dose dependency (Fig. 4B) .
Soluble factors mediate CRACC upregulation on NK cells. Next, we evaluated mechanisms responsible for the DC-mediated CRACC induction on NK cell surfaces. To this end, we incubated primary human NK cells with filtered, cell-and bacterium-free culture supernatants of DCs previously infected with either A. actinomycetemcomitans or P. gingivalis. Supernatants from A. actinomycetemcomitans-infected DCs were able to significantly induce CRACC expression on NK cell surfaces, while a trend toward higher CRACC expression was observed when using supernatants from P. gingivalis-infected DCs, although it did not reach statistical significance (Fig. 5A ). This suggests that soluble factors secreted by infected DCs are sufficient to induce CRACC induction.
Interleukin 12 (IL-12) is one of the factors known to mediate DC-NK cell cross talk and was previously reported to be secreted by DCs infected with either A. actinomycetemcomitans or P. gingivalis (15, 16) . Indeed, IL-12 was able to trigger CRACC induction on primary human NK cells in a dose-dependent manner (Fig. 5B) . Conversely, concomitant incubation of A. actinomycetemcomitans-challenged DCs with IL-12-blocking antibodies led to a strong decrease in A. actinomycetemcomitans-mediated CRACC induction (Fig. 5C ), suggesting that IL-12 blockade in fact prevented the transfer of the ability to induce CRACC on NK cells in conditioned medium supernatants from DCs infected with periodontal pathogens. This indicates that the DC-mediated upregulation of CRACC on NK cell surfaces is mediated by IL-12 signaling.
Fimbriated P. gingivalis attenuates CRACC induction. Our data show strong differences in CRACC induction in response to A. actinomycetemcomitans or P. gingivalis infection of DCs, with P. gingivalis infection resulting in significantly attenuated induction of CRACC expression on NK cells.
Interestingly, a fimbria-deficient mutant (DPG3) engineered from P. gingivalis 381 by deletion of the fimA gene (25) triggered significantly higher levels of CRACC protein expression on primary human NK cells than wild-type P. gingivalis 381 used for all other experiments (Fig. 6 ). These data indicate that the apparently attenuated response to P. gingivalis infection is due to the organism's fimbriae.
DISCUSSION
Our present work shows that the predominant NK cell-activating receptor in human periodontitis is CRACC. A strong induction of CRACC was observed not only in the gingival tissue transcriptomic profiles in a large, well-phenotyped cohort of patients with periodontitis but also in cell population-specific expression profiles generated using the PSEA algorithm (20) . Our data clearly show a significant induction of CRACC on NK cells in states of periodontitis compared to gingival health in vivo.
Furthermore, CRACC expression in periodontal tissues correlated positively with clinically important markers of periodontitis, such as probing pocket depth (PPD) or levels of subgingival colonization by specific periodontal pathogens. This is relevant, since the composition of the subgingival microbiome is known to trigger specific expression profiles in the gingival tissues (26, 28) .
Importantly, we show an increased expression of CRACC in pathological gingival tissues from subjects diagnosed with aggressive periodontitis, compared to chronic periodontitis, pointing to an increased activation of NK cells in this clinically challenging form of periodontitis that is characterized by an accelerated rate of destruction. It must, however, be realized that these data are crosssectional in nature and therefore cannot be used to infer causality. Still, in the absence of established animal models for aggressive periodontitis, our data from a large and well-controlled human cohort provide valuable insights into the potential molecular mechanisms of aggressive periodontitis in vivo.
Given our incomplete understanding of the molecular differences between chronic and aggressive periodontitis (8), we then proceeded to characterize the determinants and effects of CRACC induction in an in vitro model of periodontal infection.
Using primary human NK cells and DCs isolated from healthy donors, and the periodontal pathogens A. actinomycetemcomitans, which has been etiologically linked to aggressive periodontitis, and P. gingivalis, a principal pathogen in chronic periodontitis, we replicated the induction of CRACC by periodontal infections in vitro. Importantly, in line with the finding of increased CRACC expression in aggressive periodontitis lesions, we consistently observed significantly stronger CRACC induction in response to infection with A. actinomycetemcomitans than with P. gingivalis.
In this study, we exclusively used primary cells isolated from healthy donors. It is, however, conceivable that cells from patients suffering from periodontitis could exhibit differing activation patterns due to inherent or acquired characteristics. However, the design of our in vitro experiments was based upon in vivo data that stem solely from periodontitis patients, and their results corroborate the in vivo findings. Therefore, it is reasonable to assume that the specific responses in primary cells from both healthy and diseased subjects are likely similar. Nevertheless, further experimentation is needed to definitely address this issue.
We demonstrate that the mechanism by which periodontal pathogens induce CRACC expression is indirect and is mediated by DC-secreted IL-12 triggering increased expression of the NK cell-activating receptor. Isolated NK cells infected with either A. actinomycetemcomitans or P. gingivalis did not display increased CRACC expression (Fig. 3) , nor did they show other markers of activation (data not shown). This is important, since most recently, a direct recognition of another periodontal species, Fusobacterium nucleatum, by the activating NK cell receptor NKp46 was shown (17) , and it may indicate a level of specificity in the ability of different periodontal bacteria to mobilize components of the immune system. Furthermore, our data indicate substantial differences in the ability of established periodontal pathogens to induce CRACC expression on NK cells via DC infection, with A. actinomycetemcomitans consistently triggering significantly stronger induction of CRACC expression than P. gingivalis. Interestingly, infection of DCs with major-fimbria-deficient P. gingivalis 381 mutant DPG3 (25) resulted in a significantly increased induction of CRACC on cocultured NK cells. These data indicate that the presence of fimbriae is critical for the suppression of NK cell activation in response to P. gingivalis, in line with observations that this fimbriadeficient mutant, but not the wild-type strain, induced periodontal bone loss in mice (29) . Furthermore, these data appear to corroborate findings by Hajishengallis and coworkers demonstrating the ability of P. gingivalis to actively evade the immune system. These investigators demonstrated that P. gingivalis utilizes its surface fimbriae to bind CXCR4 on human monocytes, trigger cyclic AMP (cAMP)-dependent protein kinase A signaling, and lead to inhibition of TLR2-mediated proinflammatory and antimicrobial responses to the infection (30) .
On the other hand, these data show that CRACC induction on NK cells by P. gingivalis is not mediated through active invasion of host cells but is, rather, due to its inability to circumvent TLRdependent detection by antigen-presenting cells. In contrast, invasion of host cells, a critical element of P. gingivalis's virulence in the context of atherogenesis (31) , is a property requiring fimbriae, specifically, the FimA protein that DPG3 lacks (32) .
In this context, however, it needs to be noted that the observed differences in the abilities of DPG3 and its parent strain, P. gingivalis 381, to induce CRACC expression on NK cell surfaces via DCs cannot exclusively be attributed to the fimA deletion in DPG3 but may be partly due to unaccounted-for concomitant alterations of the bacterial cells. Nevertheless, use of the wild-type strain and its fimbria-deficient mutant is a well-established experimental model for the study of the specific effects of fimA.
Importantly, a pattern of CRACC expression similar to the one shown here in the context of periodontal infections was reported for patients with systemic lupus erythematosus (SLE), a disease with a number of pathobiological similarities to periodontitis (33) . Specifically, the frequency of CRACC ϩ CD56 bright NK cells was found to be higher in patients with SLE than in controls. In vitro, stimulation of PBMCs with SLE immune complexes induced CRACC expression on NK cell surfaces (34) .
Taken together, our data suggest an active involvement of CRACC-mediated NK cell activation in periodontal tissue destruction. Furthermore, they point to a conceivable distinction in the pathophysiology of the two major forms of periodontitis that may account for the accelerated course of destruction in aggressive periodontitis.
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FIG 6
CRACC activation in response to P. gingivalis (P.g.) infection is attenuated by fimbriae. Primary human NK cells were incubated with cell culture supernatants from DCs previously challenged with fimbriated P. gingivalis 381 or major-fimbria-deficient DPG3 at the indicated multiplicity of infection (MOI) for 24 h, or from uninfected DCs (Con). The graph shows significantly stronger induction of CRACC protein expression on NK cell surfaces in response to the fimbria-deficient mutant. n ϭ 4; two-way repeated-measures analysis of variance (ANOVA). **, P Ͻ 0.01.
